The paradigm sirtuin, Sir2p, of budding yeast is required for establishing cellular age asymmetry, which includes the retention of damaged and aggregated proteins in mother cells. By establishing the global genetic interaction network of SIR2 we identified the polarisome, the formin Bni1p, and myosin motor protein Myo2p as essential components of the machinery segregating protein aggregates during mitotic cytokinesis. Moreover, we found that daughter cells can clear themselves of damage by a polarisome-and tropomyosin-dependent polarized flow of aggregates into the mother cell compartment. The role of Sir2p in cytoskeletal functions and polarity is linked to the CCT chaperonin in sir2D cells being compromised in folding actin. We discuss the findings in view of recent models hypothesizing that polarity may have evolved to avoid clonal senescence by establishing an aging (soma-like) and rejuvenated (germ-like) lineage.
INTRODUCTION
One of August Weismann's evolutionary theories of aging proposes that aging evolved in organisms that segregate germ and soma (Weismann, 1889) because such organisms must invest additional resources to reproduce instead of maintaining the soma, which, as a consequence, deteriorate and age. The quintessence of Weismann's germ plasm theory forms the platform also of the disposable soma theory of aging (Kirkwood, 1977; Kirkwood and Holliday, 1979) , which predicts that (1) aging occurs due to the progressive accumulation of damage in somatic cells, (2) aging occurs due to resource limitations, the more an animal expends on germ cell quality and reproduction, the less resources are available for somatic damage protection, and (3) the optimal balance between somatic maintenance and damage protection versus reproduction is dictated by the pressures of the external environment.
Following the arguments of Weismann and contemporary evolutionary theories of aging, unicellular microorganisms displaying nonconservative dispersion of both undamaged and damaged constituents during cytokinesis may not be considered bona fide aging organisms regardless of being useful models for aging or specific aspects of the aging process. However, it has been suggested that asymmetry in simple unicellular systems might develop into aging and that sibling-specific deterioration may confer a selective advantage in unicellular organisms (Kirkwood, 1981; Partridge and Barton, 1993) . Indeed, there are a growing number of examples of unicellular organisms displaying lineage-specific aging and a division of labor between the cells produced during cytokinesis (Ackermann et al., 2003; Aguilaniu et al., 2003; Barker and Walmsley, 1999; Erjavec et al., 2008; Nyströ m, 2007; Stewart et al., 2005) . For example, the budding yeast Saccharomyces cerevisiae displays asymmetrical cytokinesis in which one of the siblings (the larger mother cell) undergoes age-related deterioration and with repeated divisions eventually loses the capacity to divide. Yet, the aging mother cell is capable of generating daughter cells, arguably a kind of germ cell equivalent, with a full replicative potential (Kaeberlein et al., 2007; Sinclair and Guarente, 1997) . This generation of rejuvenated progeny encompasses a process limiting the inheritance of toxic and deteriorated material, including extrachromosomal rDNA circles (ERCs) (Shcheprova et al., 2008; Sinclair and Guarente, 1997) and oxidatively damaged and aggregated proteins (Aguilaniu et al., 2003; . Recent reports have shown that partitioning of damaged and potentially toxic protein species, known as spatial quality control (SQC), occurs also in unicellular systems dividing by binary fission, including Escherichia coli and Schizosaccharomyces pombe, and that the damage-enriched sibling lineages show signs of aging and decreased fitness (Erjavec et al., 2008; Lindner et al., 2008) . Interestingly, mitotic segregation of damage and the establishment of a soma-like and germ-like lineage in both S. pombe and S. cerevisiae requires the sirtuin Sir2p (Aguilaniu et al., 2003; Erjavec et al., 2008; , a protein deacetylase and life-span modulator in yeast, worms, flies and fish (Guarente, 2000; Imai et al., 2000; Rogina and Helfand, 2004; Sinclair, 2002; Tissenbaum and Guarente, 2001 ). However, apart from the fact that Sir2p, in concert with the protein-aggregate remodeling factor Hsp104p, is required for SQC Tessarz et al., 2009) little is known about the machineries involved in establishing asymmetrical inheritance of proteotoxic damage.
Since computational modeling suggests that a failure to segregate protein damage may result in a reduced fitness (Erjavec et al., 2008) and functions crucial for cellular fitness are often performed by parallel partly redundant pathways, we hypothesized that machineries involved in the partitioning of protein aggregates could be identified by systematically screening for genetic interactions between SIR2 and nonessential and essential genes using synthetic genetic arrays (SGA) analysis (Tong et al., 2001 (Tong et al., , 2004 . Using this approach, we found that cells lacking Sir2p share many genetic interactions with the conditional actin mutant, which is a result of sir2D cells showing a defect in CCT-chaperonin-dependent folding of actin. The global genetic interaction analysis of SIR2 also identified the polarisome as the machinery required for mitotic partitioning of protein aggregates, and we demonstrate that tropomyosin-and formin-dependent Figure S1 for construction of sir2D query strain and Table S3 for the full list of genetic interactions identified in the SIR2 SGA screen).
actin nucleation at the polarisome, but not the septin ring, provides the daughter cells with the means of clearing themselves of protein damage by a retrograde flow of aggregates into the progenitor cell, which effectively acts as a wastedisposal cell.
RESULTS

Global Genetic Interaction Network of SIR2 Reveals a Role for the Sirtuin in Cellular Polarity
We first engineered a sir2 mutant such that it could serve as a query strain proficient in all steps required for SGA double-mutant constructions. To achieve this, both the HMR and HML loci were deleted in a sir2D MATa haploid background to enable mating and subsequent germination of MATa progeny, as facilitated by the SGA reporter (can1-D::STE2pr-Sp_his5), which is only expressed in MATa cells ( Figure S1 available online).
The engineered sir2D query strain was applied to SGA analysis and 122 synthetic sick (SS) interactions were confirmed using the Bioscreen approach (Warringer et al., 2003) (Table S3) . When assessing the relationship between the genetic interactions with gene ontology (GO) functional attributes we found that genetic interactions with SIR2 were significantly enriched among genes with assignments in (1) genomic silencing and chromatin structure, (2) nuclear export/import processes, and, unexpectedly, (3) actin cytoskeleton biogenesis, organization, and function ( Figure 1A ). Scoring for functional relationships based on SS interactions between SIR2 and genes encoding proteins known to interact with one another physically confirmed such a pattern-i.e., enrichment was found between SIR2 and genes coding for products that form complexes involved in chromatin assembly, organization, remodeling, and silencing as well as nuclear pore functions and nucleocytoplasmic transport ( Figure 1B) . SIR2 also buffers against defects in nuclear RNA surveillance systems, including the nuclear exosome, the MLP1/SAC3 mRNA transporter, the TRAMP complex for RNA processing and export ( Figure 1C) , and RAD55/RAD57-dependent repair ( Figure 1C) . Again, SS interactions were also markedly enriched between SIR2 and genes encoding proteins involved in actin cytoskeleton functions, especially those required for establishing cell polarity, including several polarisome components ( Figures 1D and 1E) .
The polarisome is a functional complex within the polarity cap network consisting of the core proteins Bni1p, Pea2p, Bud6p, and Spa2p (Moseley and Goode, 2006) . Bni1p is one of two yeast formins and a central factor of the polarisome due to its role in nucleating actin cable assembly (Pruyne et al., 2002; Sagot et al., 2002) . However, a genetic interaction between BNI1 and SIR2 could not be screened due to the linkage effect between BNI1 (YNL271C) and one of the anti-diploid markers lyp1D (YNL268W). Therefore, we crossed the BNI1 mutant to the SIR2 query strain separately and performed tetrad dissection to check the fitness of single and double mutants. In addition, a sir2D bni1D double mutant was also constructed by standard PCR knockout procedures and its fitness compared with that of wild-type (WT) and single mutants in liquid cultures. Both procedures demonstrated that SIR2 and BNI1 interact genetically and that a sir2D bni1D mutant displays severe fitness defects (Figures 2A and 2B) . We deleted the FOB1 gene in this genetic background (the fob1D mutation reduces ERCs to levels lower than the wild-type; Defossez et al., 1999) , which demonstrated that the reduced fitness of a sir2D bni1D double mutant is unrelated to ERC accumulation ( Figure 2B ). Deleting BNR1 and thus encoding the formin that, in contrast to Bni1p, is associated with the septin ring rather than the polarisome did not result in a fitness reduction of the sir2 deletion mutant (not shown).
The reduced fitness of cells lacking SIR2 and either BUD6 or BNI1 was accompanied by an increased sensitivity to the actin-depolarizing drug Latranculin-B ( Figure 2C ), establishing a requirement for SIR2 in proper actin function. Moreover, deleting SIR2 in a bni1D mutant further abrogated polarity defects as seen by extensive patch formation and actin aggregation in parallel to increased morphological aberrations, including cells displaying multiple buds ( Figure 2D ). In addition, we found that many SIR2-interacting genes have previously been shown to genetically interact with the essential genes ACT1, encoding actin, MYO2, encoding a type V myosin motor protein, and RHO3, a Rho-type GTPase involved in establishing cell polarity and Bni1p-dependent actin nucleation. The products of ACT1, MYO2, and RHO3 interact physically with each other and also physically interact with many of the products of the genes shown here to interact with SIR2 ( Figure 2E ), suggesting that SIR2 itself might interact genetically with ACT1, MYO2, and RHO3 (Boone et al., 2007; Kelley and Ideker, 2005; Tong et al., 2004) . Indeed, sir2D cells display a markedly reduced fitness when combined with conditional actin mutation act1-133 (Wertman et al., 1992) that reduces its ability to interact with myosin (Figures 2F and 2G) (Rayment et al., 1993; Smith et al., 1995) . Moreover, conditional mutations (myo2-14 and myo2-16) (Schott et al., 1999) in MYO2 itself caused a drastically reduced fitness of sir2D cells (Figures 2F and 2G) . No SS interaction was observed between SIR2 and the other myosin genes, including MYO3, MYO4, and MYO5 (not shown). RHO3, whose product, together with Bud6p, acts as an activator of Bni1p (Dong et al., 2003) , was also found to interact genetically with SIR2 ( Figures 2E-2G) .
To approach the question of whether the catalytic, deacetylating, activity of Sir2p is required for polarity functions, we tested if a wild-type Sir2p (pRS315-SIR2) and catalytically inactive Sir2p (pRS315-SIR2(H364Y)) (Moazed, 2001) could restore fitness of a sir2D bni1D double mutant subjected to Latranculin-B exposure. We found that only the catalytically proficient Sir2p was able to suppress Latranculin-B sensitivity ( Figure 2H ), demonstrating that deacetylase activity is required for Sir2p-dependent polarity functions.
It has been shown that Sir2p-independent life-span extension can be mediated by the Sir2p homolog Hst2p (Lamming et al., 2005) and that this latter sirtuin can, at least when overexpressed, compensate for the loss of Sir2p in genomic silencing (Perrod et al., 2001) . Therefore, by performing SGA analysis with HST2 as a query strain, we analyzed whether HST2 displayed a global genetic interaction network similar to that of SIR2. To our surprise, we found that the genetic interaction network of HST2 is vastly different from that of SIR2. In fact, only three genes, YME1, TIM18, and CTF4, are common to both networks and HST2 did not show any synthetic genetic interaction with the genes required for proper actin cytoskeleton function or the polarisome (Table S4 ).
Sir2p Is Required for Efficient Folding of Actin by the Chaperonin CCT As shown above, SIR2 shares many genetic interactions with ACT1, indicating that actin function itself may be compromised in cells lacking Sir2p. Also, we found that SIR2 interacted genetically with cct6-18 ( Figure 3A) , an allele encoding a temperature-sensitive subunit of CCT (TriC). CCT, a member of the chaperonin subfamily of chaperones, is an essential oligomer formed from two back-to-back rings of eight subunits and is required for actin folding in vivo (reviewed by Brackley and Grantham, 2009 ). The folding activity of CCT in vivo has previously been assessed by utilizing the ability of native, monomeric actin to bind to DNaseI (Grantham et al., 2006; McLaughlin et al., 2002) . Here we determined the conformational state of actin in wild-type and sir2D cells and found that cells lacking Sir2p displayed a reduced level of native actin while harboring the same total levels of actin as wild-type cells ( Figures 3B and 3C ). Both the concentration ( Figure 3D ) and the molar ratio of CCT subunit components ( Figure 3E ) were normal in cells lacking Sir2p. However, purified CCT from sir2D cells displayed elevated levels of acetylation (Figures 3F and 3G) and was much less efficient in folding actin than the wild-type CCT ( Figures 3H and 3I ).
The Polarisome and Myosin Motor Machinery Is Required for Mitotic Segregation of Protein Aggregates
Given that SIR2 buffers against deficiencies in the machinery required for establishing proper polarity, we wondered if this machinery, like SIR2, partakes in the segregation of protein damage during mitotic cytokinesis. To test this, we used an aggregation retention efficiency (ARE, percentage of mother cells capable of retaining all aggregates during cytokinesis) assay. Cells were transiently heat shocked (42 C, 30 min) to trigger protein aggregation ( Figures 4A and 4B) , then returned to 30 C (no further aggregates formed) and the distribution of Hsp104-GFP-containing aggregates in mother and daughter compartments recorded during the next mitotic division event ( Figures 4A and 4B ). We first confirmed that heat-induced aggregates were retained in wild-type mother cells ( Figures 4B and 4E ) Random spore analysis of mutants as indicated was performed at 30 C. Scale bar = 4 mm (see also Table S4 for the full list of genetic interactions identified in the HST2 SGA screen and the ones overlapping with SIR2 interactions).
(H) Exponential phase cells were diluted to OD 600 = 0.1 and plated on YPD medium with 10 mM Latranculin-B. The wild-type Sir2p (pRS315-SIR2) was able to suppress the Latranculin-B sensitivity of sir2D bni1D double mutants but not the catalytically inactive Sir2p (pRS315-SIR2(H364Y)).
and that this segregation was less efficient in cells lacking SIR2 (and sir2D hmlD mutants) but not those lacking SIR3 or SIR4 ( Figures 4C and 4E ). In addition, reduced ARE was not caused by ERC accumulation in the sir2D mutant as a fob1D mutation failed to suppress this defect ( Figure 4E ). It appears as if sustained Sir2p activity is important throughout the segregation process as adding the Sir2p inhibitor nicotinamide (NAM) both before and after heat shock reduced ARE ( Figure 4F ), although NAM added after a heat shock had a somewhat milder effect. Addition of NAM did not further reduce ARE in cells lacking Sir2p ( Figure 4F ). While abolishing or reducing Sir2p activity affected ARE negatively, adding resveratrol, a Sir2p activator (Howitz et al., 2003) , boosted ARE by approximately 29% ( Figure S2) . However, introducing an extra copy of the SIR2 gene did not result in increased ARE (not shown), suggesting that Sir2p activity is not, or is moderately, limiting for ARE in wild-type cells. We then found that segregation of protein aggregates was less efficient in cells lacking different components of the polarity machinery shown to genetically interact with SIR2, including BUD6 ( Figure 4D) , BNI1, BEM1, and RVS161, whereas the lack of the BNR1 formin (no interaction with SIR2) had no effect on damage segregation ( Figure 4E ). The defect in aggregate segregation displayed by polarisome mutants was further abrogated (additively) by a sir2D deletion ( Figure 4E ). To confirm that heat-induced aggregates are segregated by the same mechanism as aging-induced aggregates, we isolated middle-aged mother cells (on average 7 generations old) and determined the ARE of wild-type and bni1D cells. As shown in Figure 4G , aggregates formed during aging instead of heat shock were also segregated in a Bni1p-dependent fashion.
The act1-133 allele, which interacted genetically with SIR2 ( Figures 2F and 2G) , caused a reduced binding of actin cables to myosin (Smith et al., 1995) and this mutation reduced the mother cells' ability to retain protein aggregates ( Figure 4E ), suggesting a role for the myosin V motor protein in damage segregation. Indeed, conditional myo alleles (myo2-14 and myo2-16) (Schott et al., 1999) caused an almost complete breakdown of damage asymmetry ( Figure 4E ). Mother cells lacking Rho3p also failed to retain aggregates, further substantiating the involvement of the polarisome and the Myo2p motor protein in establishing cellular age asymmetry. None of the control strains (WT, his3D and WT, failed to partition protein aggregates under the same conditions ( Figure 4E ).
The breakdown of damage asymmetry was accompanied by a shorter replicative life span (RLS) of all polarity mutants (bni1D, bem1D, and rsv161D) tested, except bud6D ( Figure 4H ). Lack of the septin-associated formin, Bnr1p, did not affect RLS ( Figure 4H ).
Daughter Cells Can Clear Themselves of Protein
Aggregates by a Polarisome-Dependent Retrograde Transport We next asked whether daughter cells can clear themselves of protein aggregates if such aggregates form by external stressors during cytokinesis. To test this, we developed an Hsp104-GFP aggregation clearance assay, in which we subjected cells to a 38 C heat shock and followed the localization of Hsp104p-containing aggregates. At this temperature, aggregates are constantly formed and resolved such that a steady-state level of aggregates is eventually reached. Immediately upon the heat shock, all cells displayed protein aggregates, including buds in the process of being formed by mother cells ( Figure 5A ). However, with time, aggregates disappeared from the buds but reappeared after daughter cells were released from the mother cell (single cells in Figure 5A ). This clear out of aggregates required the polarisome formin Bni1p but not the septin-associated formin Bnr1p ( Figure 5B ). The data indicate that daughter cells can eliminate aggregates if the septum between mother and daughter is not closed and that this may be achieved by a retrograde flow of aggregates. Indeed, real-time imaging revealed that aggregates formed in the daughter compartment during heat shock relocalized into the mother cell ( Figure 5C and Movies S1, S2, and S3). It is possible that actin patches and endocytosis play a role in this process as patches control Arp2/3-dependent movement of vesicles from the bud tip into the cell, which is retrograde from polarized secretion (Girao et al., 2008) . However, we found that neither Arp2p nor Arp3p was required for aggregate clearance from buds whereas a mutation in the major tropomyosin gene TPM1 severely reduced the efficiency of retrograde clearance ( Figure 5D ). Thus, retrograde flow of protein aggregates from the daughter cell to the mother cell appears to be an actin cable-dependent rather than actin patch-dependent process. In addition, Hsp104p-containing aggregates were localized to actin cablerich rather than actin patch-rich regions ( Figure 5E ). We used a proximity ligation assay (PLA) for detecting whether Hsp104p interacts with actin where a pair of oligonucleotide-labeled secondary antibodies (PLA probes) generates an individual fluorescent signal when bound to two primary antibodies in close proximity (Soderberg et al., 2006) . We found that Hsp104p and actin interact in situ ( Figure 5F and Figure S3 ), which further substantiates that segregation and retrograde flow of Hsp104p-associated aggregates depends on actin binding. As with segregation, retrograde flow of aggregates requires the Sir2p sirtuin but not Hst2p or Hst1p ( Figure 5D) .
Interestingly, the retrograde clearance of protein aggregates often ended with the daughter cell aggregate merging with a ''receiving'' aggregate in the mother cell ( Figure 5C and Movies S1, S2, and S3). Whereas the Bnr1p formin was dispensable for the retrograde flow of aggregates ( Figure 5B ), its absence drastically reduced the merging of aggregates in mother cells ( Figure 5G ). Wild-type mother cells typically ended up with one large Hsp104-containing aggregate after 90 min at 38 C, whereas cells lacking Bnr1p displayed more than three aggregates ( Figure 5G ).
DISCUSSION
The differential inheritance of deleterious protein damage in sibling cells of microbes has been argued to imply that mandatory aging may have evolved in simple unicellular organisms (Ackermann et al., 2007; Nyströ m, 2007) , and it was recently hypothesized that cellular polarization did not primarily evolve to drive morphogenesis but to restrict senescence to one daughter lineage in such organisms (Erjavec et al., 2008; Macara and Mili, 2008) . If so, one would expect that some members of the polarity machinery have maintained their function in establishing unequal inheritance of protein damage, and this study provides support for this notion. Figure 6A schematically depicts the polarity machinery and gene products, of which all interacted with SIR2, found to be required for segregation of aggregates. Interestingly, Myo2p (required for proper inheritance of organelles) is also required for keeping the progeny free of protein aggregates. Since the direction of Myo2p movement is opposite to protein aggregates, this requirement of Myo2p may be due to Myo2p being needed for the transport of vesicles on which Bud6p, and possibly other proteins, hitchhike to the polarisome region (Jin and Amberg, 2000) . Bud6p is required also for the segregation of ERCs, but this partitioning involves the septin ring (Shcheprova et al., 2008) rather than actin cables formed by the polarisome.
The involvement of the polarisome in the retention of protein aggregates could be a consequence of (1) actin cables providing a scaffold for large Hsp104p-containing aggregates Ganusova et al., 2006) , and (2) Bni1p-dependent nucleation of actin at the polarisome site resulting in a cable flow away from the bud tip ensuring that aggregates tethered on cables will not enter the bud ( Figure 6B ). In addition, we found that aggregates formed upon heat stress in emerging buds were transported back to the mother cell, establishing a new polarity mechanism that goes opposite to the flow associated with actin-based polarized secretion, which is directed by motor movement along actin cables. This, we believe, is the first documentation of polarized flow of material from the daughter to the mother ( Figure 5C and Movies S1, S2, and S3). The data showing that the transport of aggregates into mother cells is tropomyosin dependent but not Arp2/3 dependent demonstrate that this retrograde flow is actin cable dependent. However, it is not clear if transport of aggregates is entirely due to actin cable association and actin retrograde flow since the rate of extension of the tip of an elongating actin cable is 0.29 ± 0.08 mm per second (Yang and Pon, 2002) and aggregate movement into mother cells appears to be slower. However the rate of movement of aggregates into mother cells also depends on the rate at which the actin nucleation center at the bud tip moves away from the mother-daughter septum area. In addition, it is not known how the association of large aggregates affects actin cable dynamics and retrograde flow nor do we know if cable function and retrograde flow are affected by the heat shock treatment applied. Thus, the rate measurements neither exclude nor support that the transport of aggregates is entirely due to actin retrograde flow.
Aggregates translocated from the daughter cell compartment were found to merge with aggregates in the mother cell, and with time the heat-stressed cells ended up with an average of one large Hsp104p-containing aggregate. Interestingly, this merging of aggregates required the formin, Bnr1p, of the septin ring rather than Bni1p ( Figure 5G) . Thus, the two formins of yeast have distinct roles in the spatial management of protein aggregates; one, Bni1p, provides the organism with the means to retain (in mother cells) and translocate (into mother cells) aggregates, whereas the other, Bnr1p, allows aggregates to merge into a single large inclusion body. This latter process is somewhat similar to aggresome formation but is distinct in that aggresomes are formed via the microtubule network and dynein motors and are associated with the centrosome (spindle pole body in yeast) (Johnston et al., 1998; Wang et al., 2009) , whereas the Hsp104p-associated aggregates formed upon aging and stress are associated with the actin cytoskeleton and are dependent on actin nucleation. Nevertheless, both processes appear to be regulated, in part, by deacetylases, aggresome formation by HDAC6 (Kawaguchi et al., 2003) , and the translocation of Hsp104p-recognized aggregates by Sir2p.
The role of Sir2p in establishing proper polarity and cytoskeletal functions appears linked to the sirtuin being required for CCT function. It has been shown previously that a point mutation in the Cct4p subunit results in an abnormal actin cytoskeleton at the nonpermissive temperature (Vinh and Drubin, 1994) . This mutation (G 345 D) resides on the outside face of the apical substrate-binding domain (Llorca et al., 1999) and has been shown to affect the allostery of the CCT ATPase and reduce its ability to fold actin (Shimon et al., 2008) . In similar assays we observed that CCT purified from sir2D cells is much less efficient at folding actin than CCT purified from wild-type cells and carried a heavier load of acetylated lysines. It would therefore appear from both this study and the work of Shimon et al. (2008) that relatively small changes to the CCT oligomer (such as posttranslational modifications and point mutations) have the potential to disrupt its activity. In line with this, the DNaseI pull-down assays revealed an increase in the levels of non-native actin in the sir2D cells. A similar result was observed in mammalian cells when CCT levels were reduced by siRNA (Grantham et al., 2006) . However, it is unclear if the elevated levels of CCT acetylation in sir2D cells are the cause of its reduced activity or whether CCT is a direct target for Sir2p-dependent deacetylation. Nevertheless, its reduced folding activity in sir2D cells explains the extensive overlap between the genetic interaction network of SIR2 and ACT1 and why sir2D mutants display subtle polarity defects. Hsp104p could also affect polarity in sir2D cells as Hsp104p-dependent functions are reduced in cells lacking the sirtuin and Spa2p, a member of the polarisome, is a substrate for Hsp104p, identified using a dominant-negative variant of Hsp104p, HAP/ClpP, that degrades substrates instead of remodeling them (Tessarz et al., 2009) . HAP/ClpP expression affects the integrity of the actin cytoskeleton and Spa2-dependent localization of Pea2p to the bud tip fails (Tessarz et al., 2009) . However, as Pea2p is properly localized in cells totally lacking Hsp104p (Tessarz et al., 2009) , the reduced activity of Hsp104p in sir2D cells is unlikely to contribute substantially to polarity defects in this mutant. The SPA2 gene was not identified in our original SIR2 SGA screen, but random spore analysis confirmed that SIR2 and SPA2 show a genetic SS interaction (not shown).
Segregation of damaged/aggregated proteins and accumulation of ERCs are both processes subjected to control by Sir2p and, in addition to dysfunctional mitochondria (Lai et al., 2002; Veatch et al., 2009) , it is possible that proteotoxic aggregates and ERCs are aging factors in mitotic yeast that contribute to replicative aging. In addition, Sir2p is required for the maintenance of telomeric chromatin in aging cells (Dang et al., 2009 ). These multiple roles of Sir2p could explain why sir2 deletions have a negative effect on yeast replicative life span in cells lacking Fob1p , in which formation of ERCs is drastically reduced, and suggest that Sir2p controls life span also in an ERC-independent manner. One such ERC-independent function important for longevity may be the control of cytoskeletal functions and polarity. All polarity mutants tested, except bud6D cells, displayed accelerated aging, but it is presently unclear to what extent this may be due to failures in damage segregation or to general polarity defects. However, the reduced life span does not correlate to general fitness defects (reduced growth rate) given that, for example, the rvs161D mutant displayed no fitness defect but a drastically accelerated aging whereas bnr1D and bud6D mutants show decreased fitness but a normal life span. It is possible that the residual activity of Bni1p in bud6D cells is enough to maintain proper polarity and longevity, but this seems unlikely as bud6D and bni1D mutants displayed a similar defect in the segregation of protein aggregates. An alternative, and entirely speculative, possibility is that the effects observed for ERC segregation in cells deficient for Bud6p (Shcheprova et al., 2008) counteract, or mask, failure to partition aggregates.
The data presented raises the questions of whether spatial protein quality control operates during mitosis (or meiosis) in specific cells and tissues of higher organisms, if there are dedicated waste-disposal cells in these organisms, and if the efficiency of SQC affects the onset of age-related proteotoxic maladies, such as familial and sporadic neurodegeneration.
EXPERIMENTAL PROCEDURES
Strains and Plasmids
Strains, primers, and plasmids are described in the Extended Experimental Procedures and Tables S1 and S2.
SIR2 Query Strain Construction and Synthetic Genetic Array Analysis
To apply the SGA method to the SIR2 screen, the HMR and HML loci in a sir2D MATa haploid background were deleted by PCR knockout. Query strain construction, interaction confirmation, and functional enrichment analysis are described in the Extended Experimental Procedures.
Latranculin-B Sensitivity Test
Latrunculin-B (2 mM in DMSO stock solution) was added to the medium to a final concentration of 15 mM, a concentration at which the wild-type strain showed a growth rate decrease of about 20%. The same amount of DMSO was added to the control set.
Actin Staining
Actin staining with rhodamine phalloidin (Invitrogen) was preformed using standard protocols.
CCT Purification and Folding Assays CCT oligomers were purified using a TAP-tag procedure described in the Extended Experimental Procedures. Folding assays were carried out essentially as described by Pappenberger et al. (2006) . Counts corresponding to native actin in each lane were standardized to the Coomassie signal of the CCT band to account for any slight variations in gel loading.
DNaseI-Binding Assays
DNaseI-binding assays were performed in triplicate as described in the Extended Experimental Procedures.
Hsp104-GFP Aggregation Retention Efficiency assay
Cells expressing an Hsp104-GFP chromosomal fusion were grown to mid-log phase (optical density [OD] 600 z 0.5) in YPD medium at 30 C (22 C for temperature-sensitive [TS] mutants) and then shifted to 42 C heat shock for 30 min. Cells were transferred back to 30 C for recovery and samples (2 ml aliquots) were taken in triplicate every 10 min for analysis of inheritance of aggregates by using a Zeiss fluorescence microscope.
Hsp104-GFP Aggregation Clearance Assay
Hsp104-GFP-containing mid-log phase cells were shifted to 38 C for 16 hr (aggregates will keep forming in the cell at this temperature). Aggregate clearance efficiency (ACE) was calculated as percentage of buds able to clear themselves of all aggregates in 90-150 min after heat shock.
Nicotinamide and Resveratrol Treatment
Nicotinamide (final concentration 5 mM) was added 10 min before heat shock treatment and directly after heat shock treatment. Resveratrol (final concentration 200 mM) was added to cultures 10 min before heat shock. The same amount of ethanol was added to the control.
Isolation of Old Cells
Old mother cells were obtained by magnetic sorting as described previously (Smeal et al., 1996) .
Life-Span Analysis
Replicative life span was determined using a micromanipulator (Singer Instruments) and following standard protocols.
Time-Lapse Fluorescence Imaging
Cells were grown in YPD until mid-log phase (OD 600 = 0.5) at 30 C. Aggregates were induced with heat shock at 42 C as explained previously, and then cells were recovered for 10 min at 30 C and 5 min at 23 C. Images were acquired every minute for 30-40 min. QuickTime movies were made from time-lapse images using GraphicsGale version 1.93.07.
Detection of Protein Interactions by In Situ Proximity Ligation Assay
Mid-log phase BY4741 and hsp104D strains were heat shocked (20 min) to induce Hsp104p expression. Primary antibodies were the rabbit anti-Hsp104 polyclonal antibody (MBL) and the mouse anti-actin (clone 4) monoclonal antibody (Seven Hills Bioreagents). Cells were harvested and pretreated based on standard immunofluoresence staining protocols with modifications, and the PLA assay performed as described previously by Soderberg et al. (2006) . PLA signals were detected with a Duolink PLA detection kit 563.
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